The exact positions of nucleosomes along genomic DNA can influence many aspects of chromosome function. However, existing methods for mapping nucleosomes do not provide the necessary single-base-pair accuracy to determine these positions. Here we develop and apply a new approach for direct mapping of nucleosome centres on the basis of chemical modification of engineered histones. The resulting map locates nucleosome positions genome-wide in unprecedented detail and accuracy. It shows new aspects of the in vivo nucleosome organization that are linked to transcription factor binding, RNA polymerase pausing and the higher-order structure of the chromatin fibre.
A chemical approach to mapping nucleosomes
We developed a new, genome-wide mapping approach that directly determines nucleosome centre positions with single-base-pair resolution. It derives from earlier work in which localized hydroxyl radicals were used to map reconstituted mononucleosomes centre positions 24, 25 . In Saccharomyces cerevisiae we introduced a unique cysteine into histone H4 at position 47 (H4S47C) to covalently attach a sulphhydryl-reactive, copper-chelating label, N-(1,10-phenanthroline-5-yl)iodoacetamide. This cysteine mutation positions the label in close proximity to the DNA backbone and at sites symmetrically flanking the nucleosome centre ( Fig. 1a ). Log-phase yeast was collected and permeabilized immediately [26] [27] [28] [29] . The label was subsequently introduced to the cells, where it reacts with the cysteines present in histone H4. Addition of copper and hydrogen peroxide catalyses the formation of short-lived hydroxyl radicals that react with and cleave the DNA backbone (Supplementary Methods). This strategy leads to a highly specific cleavage of the DNA backbone at sites that symmetrically flank the nucleosome centre 24, 25 . On an agarose gel, a DNA banding pattern forms only when the reaction includes the sulphhydryl-reactive label, copper, H 2 O 2 and the H4S47C mutant yeast, where the smallest fragment corresponds to DNAs between the centres of neighbouring nucleosomes (Fig. 1b) .
We purified and sequenced the lowest molecular weight DNA band from the agarose gel ( Fig. 1b ) in six independent experiments (four with single-end and two with paired-end parallel sequencing), and produced a map of 105 million cleavages on each DNA strand (Figs 1c and 2a ). The cleavage peaks on opposite DNA strands show two important correlations: a separation by either 12 or 25 nucleotides (with the 59 to 39 direction defined as positive) (Fig. 2b) . This pattern is expected if cleavage occurs mainly at positions 21 (primary site) and 16 (secondary site) relative to the nucleosome centre ( Fig. 1c ), similar to that described for reconstituted mononucleosomes 24, 25 (Supplementary Methods). The dominance and sharpness of these peaks show that the chemical maps contain high-resolution nucleosome positioning information.
We defined the nucleosome centres by identifying the characteristic pattern of chemical cleavages genome-wide (Supplementary Methods). We first trained a single-template model and then a four-template model to represent the average cleavage pattern at eight nucleotide positions centred around the primary and secondary sites (Supplementary Table 1 ). The four-template model accounts for four principal distinct cleavage patterns associated with nucleotide composition at positions 23/13 and outperforms the single-template model ( Supplementary Fig. 1a -c). The templates were built into a Bayesian deconvolution algorithm to calculate the nucleosome centre positioning (NCP) score at every genomic location. A larger NCP score means more cleavages observed in positions that conform to primary and secondary site configuration, thus indicating more well-positioned nucleosomes. Nucleosome centres were defined on the basis of the magnitude of the NCP score-to-noise ratio ( Fig. 2a and Supplementary Fig. 1d ).
Comparing two independent chemical mapping experiments, the resulting nucleosome positions are extremely consistent ( Fig. 2c ). Hence we combined the six independent data sets and produced a final unique map of 67,543 nucleosomes (Supplementary Methods), allowing two neighbouring nucleosomes to overlap by no more than 40 base pairs (bp) (occupying 79.9% of the genome, Supplementary  Table 2 ); and a redundant map of 351,264 nucleosomes (allowing nucleosomes to overlap arbitrarily) by including all positions whose NCP score-to-noise ratio exceeded the smallest ratio value from the unique map (Supplementary Table 3 ). The chemical map shows general accordance with published MNase maps (MNase 1 (ref. 30) and MNase 2 (ref. 31)) of nucleosome positions, establishing that the chemical mapping technique does map nucleosome centres ( Fig. 2a, d and Supplementary Fig. 2a, b ). All analyses (unless indicated) presented in the main text use the unique set of nucleosomes. Important conclusions drawn from the unique map were confirmed using the redundant map, and results are presented separately in Supplementary Fig. 12 .
The current chemical data show unbalanced cleavage patterns between the two strands at nucleosomes flanking long linkers including nucleosome-free regions upstream of transcription start sites (TSSs) ( Supplementary Fig. 3a ). As only the densest portion of the lowest molecular mass DNA fragment (,125-200 bp) was isolated from the agarose gel, DNA fragments spanning longer linkers were selected against ( Fig. 1b ). We confirmed this by isolating and sequencing DNA fragments of higher molecular mass (,200-500 bp) produced from one chemical mapping experiment (Supplementary Methods). The resulting data recovered the expected symmetric cleavage pattern at nucleosomes flanking the nucleosome-free regions ( Supplementary Fig. 3b ), and confirmed that failure to map nucleosomes because of consecutive long linkers is not a concern in the current data ( Supplementary Fig. 3c ). The cleavage asymmetry is not problematic for defining nucleosome centres, as one strand can still give a local maximum positioning score in our Bayesian deconvolution approach.
Nucleosome overlap and base composition
The chemical map shows detail of competing preferential nucleosome positions genome-wide. The redundant map suggests that in a population of cells nucleosomes often maintain several overlapping positions, creating closely clustered cleavage sites ( Supplementary  Fig. 4a, b ). These sites were deconvoluted to yield locations and relative abundance of overlapping nucleosomes. Strikingly, overlapping nucleosomes are predominantly spaced by integral multiples of the DNA helical repeat (,10 bp) ( Fig. 2e and Supplementary Fig. 4b ). This result accords with ,10-bp periodic cleavage endpoints in MNase maps 32, 33 and clarifies that MNase cleavage periodicities reflect several nucleosome positions instead of an artefact of the MNase itself 32 . This overlapping positioning of nucleosomes could be a consequence of the population or dynamic average, or even the co-existence of overlapping nucleosomes on the same DNA molecule 34 . By shifting in 10-bp steps (one helical turn), nucleosomes can maintain the local chromatin three-dimensional structure, while sampling several positions.
Nucleosomes in vivo are enriched for particular DNA sequence motifs at particular points along the nucleosomal DNA, most notably ,10-bp periodic occurrences of AA/TT/AT/TA dinucleotides that are favoured when the DNA backbone (minor groove) faces inwards towards the histone core, and CC/CG/GC/GG dinucleotides when the DNA backbone faces outwards 27, 35, 36 . These signals are seen in the chemical map with a period of 10.3 bp, and are far stronger than what was seen from MNase maps (Figs 3a, b and Supplementary Fig. 5a ), suggesting that imprecision in the MNase maps degrades the sequence alignment. The ,0.2-bp difference between the dinucleotide periodicity and the classical helix repeat length (that is, 10.5 bp (ref. 37)) implies that DNAs probably over-stretch by 1-2 bp to accommodate the packing constraints of nucleosome structures in the chromatin fibre 1 . The strength of dinucleotide signal increases with the NCP score-to-noise ratio, suggesting that stronger dinucleotide sequence features are associated with positioning of more stable nucleosomes ( Fig. 3a) .
These dinucleotide signals are average features of the aggregated nucleosomes in the unique set, and of the overlapping nucleosomes ( Supplementary Fig. 5b ). The unique nucleosomes show an average of 40-50% occurrence rate of AA/TT/AT/TA at peak positions while lacking a dominant AA/TT/AT/TA bias at the edges of the nucleosomes observed in MNase maps ( Fig. 3b) 19, 21 . The preferences of nucleotide five-base polymers from the chemical map agree well with those measured by MNase, including the strong negative preference of nucleosomes for A/T-rich pentanucleotides 38, 39 . However, both the 
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nucleosome and linker regions are less strongly biased against A/T pentanucleotides in the chemical map than in the MNase maps ( Fig. 3c ), indicating that MNase preferentially degrades A/T-rich nucleosomes.
Intriguingly we noted a high frequency of occurrences (,0.6) of an A at position 23, and its symmetry-related T at position 13 relative to the nucleosome centre ( Supplementary Figs 6 and 7 ). This high frequency has been observed in previous in vitro nucleosome positioning studies, with a frequency of 0.5 at these two locations 40 . Nucleosomes lacking both A(23) and T(13) (10% of the unique set) show similar but slightly weaker dinucleotide preference patterns compared with those having one or two of these nucleotides ( Supplementary Fig. 5c ). However, we cannot exclude the possibility that the chemical map might present a minor bias favouring an A(23) or a T(13) on top of the true preference of these nucleotides.
Global features of the nucleosome map
The high-resolution chemical map allows for more accurate conclusions about global nucleosome features. We defined the nucleosome occupancy score at any given location as the total NCP scores in the 673-bp region after correction for cleavage asymmetry on the two strands and controlling for signal-to-noise ratio as done in the redundant map (Supplementary Methods). The chemical map reproduces the well-known strong depletion of nucleosomes immediately upstream of the TSS 41 exposing the binding sites of regulatory proteins, with ordered nucleosomes extending downstream over the protein coding sequence, and much weaker ordering upstream of the TSS (Fig. 4a ). The average occupancy curve within 1,000 bp of TSS is highly consistent with that from the MNase map (r 5 0.98, Fig. 4a ), suggesting the chemical map can provide a reasonable measure of nucleosome occupancy. Substantial nucleosome depletion is shown at the ends of the open reading frames (Fig. 4a) , implying that nucleosome depletion at 39 gene ends 20 is not an artefact of MNase digestion, but a real phenomenon. For transfer RNA (tRNA) genes, which are highly transcribed by RNA polymerase III and have their promoters inside the gene bodies 42 , the upstream nucleosomes are strongly ordered whereas the gene body regions are nucleosome-depleted ( Fig. 4a ). No particular ordering of nucleosomes was observed relative to exon-intron or intron-exon boundaries ( Supplementary Fig. 8a ). We also observed strong ordering of nucleosomes on both sides of autonomously replicating sequences (ARS), and at centromere start (start of centromere DNA element I (CDEI)) and end (end of centromere DNA element III (CDEIII)) sites ( Supplementary Fig. 8a, b ). For the centromere sites, the nucleosome centres are highly localized at several specific positions, as shown by the sharp spikes of NCP score. Thus, the locations of the unique centromeric nucleosomes seem to be positioned relative to the exact locations of other key centromerespecific DNA-binding proteins.
An important unresolved problem concerns the role of DNA sequence features in positioning nucleosomes in protein-coding regions. Nucleosomes can be classified, with 11 referring to a nucleosome covering the start of the coding sequence, and 12 … 1n for each successive nucleosome downstream. Nucleosomes of all classes (not only evident in the 21 and 11 class 43 ) show strong AA/TT/AT/ TA patterns with periodicity ranging from 10.20 to 10.26 bp, at which the amplitude of transform differs by no more than 5% between any two classes ( Fig. 4b, Supplementary Fig. 9 and Supplementary Methods). Separate analysis using MNase data shows a similar but weaker periodic pattern, comparable across different classes (Fig. 4b 
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and Supplementary Fig. 9 ). This suggests that DNA sequence features have an important role in detailed positioning of nucleosomes. A recent in vitro study 44 postulates an ATP-facilitated positioning, suggesting that chromatin complexes may use ATP to override DNA-intrinsic positioning and drive directional packaging of nucleosomes against a 59 barrier at the 59 ends of genes and to a lesser extent at the 39 ends. Future studies are needed to understand the exact relationship of DNA sequence features and ATP in nucleosome positioning in vivo.
Chromatin structure and nucleosome spacing
The length of free DNA between two neighbouring nucleosomes (linker length) is a crucial determinant in the structure and compaction of the chromatin fibre and is directly related to the regulation of DNA-associated cellular processes 2, 45, 46 . The linker length distribution has a median of 23 bp (for linkers # 100 bp) and shows a non-random pattern with a set of strong peaks at lengths equal to 3, 15, 24, 34 and 44 bp, differing by multiples of the DNA helical repeat ( Fig. 5a and Supplementary Fig. 10 ). If we add 1 or 2 bp uniformly to each linker length to account for over-stretching of nucleosome DNAs, the linker length will follow a form of 10.41n 1 4.6 bp or 10.47n 1 5.5 bp (for integer n) respectively by Fourier analysis (for linker lengths # 60 bp). The actual over-stretching varies across nucleosomes, which may alter details of the linker length distribution.
The non-random spacing of nucleosomes is also explicitly shown in the genomic DNA sequence. The periodicity of AA/TT/AT/TA motifs extends from the aligned unique nucleosomes to flanking regions beyond one nucleosome repeat length (Fig. 5b) with a period of 10.26 bp and a phase offset that accords with nucleosome spacing of ,10n 1 5 bp, confirming the direct analyses above and previous findings 47 (Fig. 5c and Supplementary Methods) . This suggests that given a nucleosome somewhere in the genome, the next nucleosome down the chain probably starts at approximately the opposite face of the double helical DNA, creating an open zigzag intrinsic chromatin structure, consistent with the two-start architecture of the 30 nm fibre 48 .
Nucleosomes and DNA-binding proteins
We also examined the spatial relationships between nucleosomes and other high-resolution genomic features critical to genetic regulation. 
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Functional transcription-factor-binding sites, defined as sites that are conserved and occupied in vivo 49 , were frequently contained inside mapped nucleosomes (Figs 6a, b, top and Supplementary Fig. 11a ). This observation signifies that in a population of cells at any moment, some cells lack a nucleosome and have a bound factor, whereas other cells lack the bound transcription factor and have the nucleosome instead, or some cells might have transcription factor bound to the edge of the nucleosomes while the latter are partly unwrapped. More remarkably, within the nucleosome, transcription factor sites are strongly enriched at highly specific sites where the nucleosome sequence preferences best match those of the transcription factor; thus they can be predicted, given a position weight matrix for the transcription factor (Fig. 6a) . Similarly, for the Hermes transposase, another sequence-specific DNA-binding protein, the transposon integration sites occur periodically through the nucleosome (Fig. 6b ; bottom, and Supplementary Fig. 11b ) at locations predictable by the transposase sequence specificity, demonstrating a type of multiplexing of genomic information.
Nucleosomes also influence elongation by RNA polymerase II (RNAP), with a recent genome-wide analysis showing enhanced pausing by RNAP predominantly within the first half of the nucleosome 8 . The chemical map shows enhanced pause sites across the full length of nucleosomes, suggesting that DNA downstream of the RNAP can remain wrapped even after RNAP has progressed far inside the nucleosome. However, we cannot exclude the possibility that this observation is complicated by the population average of nucleosomes from different locations within clusters. Notably, the RNAP pause sites do not occur at random locations in the nucleosome: rather, they occur periodically, at the DNA helical repeat ( Fig. 6c and Supplementary Fig. 11b ), indicating that RNAP stalls preferentially at specific locations relative to the nucleosome rotational position. The locations at which RNAP pauses are best reflected in a dst1-D strain that lacks the ability for RNAP to backtrack. Strikingly, in this mutant, RNAP pause sites again appear periodically, but at locations that are systematically displaced by ,5 bp: that is, by half of a DNA helical turn relative to the wild-type pause sites ( Supplementary Fig. 11c ). In the dst1-D strain, the RNAP has the greatest probability of pausing at locations where the DNA backbone faces out, away from the histones. This suggests that RNAP pauses at sites where further forward motion requires rotation around the DNA backbone, creating a steric clash between the polymerase and the histones. Conversely, the backtracking RNAP is most likely to pause at locations in the nucleosome at which the backbone faces inwards towards the histones (with maximal steric clash between histone and RNAP). In this situation, at the initiation of transcription, the first few forward steps will reduce this clash, as the polymerase rotates away from the histone surface.
Conclusions and prospects
We developed a new method for mapping nucleosome centres in yeast with unprecedented consistency and accuracy. The resulting map shows significantly stronger dinucleotide signals in nucleosome DNAs than MNase maps. These signals are present and comparable in nucleosomes spanning entire protein-coding regions, demonstrating an important role of the DNA sequence features in detailed positioning and spacing of nucleosomes genome-wide. The observed linker length distribution suggests that the genome prefers an organized local chromatin structure. The exact locations of nucleosomes are associated with diverse biological phenomena, including the exact locations of transcription-factor-binding sites, transposon integration sites and RNAP pausing. We anticipate that this map will shed more light on many other genetic processes, including DNA replication, recombination, mutation, repair and genome evolution, because of the intimate relationship between nucleosome locations and these diverse processes.
METHODS SUMMARY
We genetically engineered S. cerevisiae to contain a cysteine at position 47 in histone H4. Cells grown to mid-log phase were collected, permeabilized and labelled with N-(1,10 phenanthroline-5-yl)iodoacetamide. The label covalently bound to the cysteine and allowed for copper chelation. Copper chloride, mercaptoproprionic acid and hydrogen peroxide were added sequentially, creating hydroxyl radicals that cleaved the nucleosomal DNA at sites flanking the centre. After the mapping reaction, the genomic DNA was purified from the cells and run on an agarose gel. The lowest molecular mass DNA fragment (,150-200 bp) was purified and prepared for high-throughput parallel sequencing. 
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